In this work, a micromixing module was utilized in the polymerization of isobutylene (IB) initiated by tertbutyl chloride (t-BuCl) and catalyzed by ethylaluminum dichloride (EADC)/bis(2-chloroethyl)ether (CEE) complex for the synthesis of highly reactive polyisobutylene (HRPIB). Better micromixing performance resulted in HRPIB with narrower molecular weight distribution, where the PDI could be decreased from 3.5 without micromixing module to 2.5 or less. The polymerization rate also increased while the molecular weight and content of exo-olefin end groups of HRPIBs could be adjusted conveniently by the ratio of CEE to EADC and monomer concentration. A dynamic mechanism was proposed to explain the effects of micromixing on the enhanced HRPIB synthesis.
Introduction
Highly reactive polyisobutylenes (HRPIBs) containing a high content of exo-olen end groups ($60 mol%, preferably $75 mol%) and specic molecular weight range (M n ¼ 500-5000) have drawn attention both from industry and academia in recent years because of their wide applications as precursors in ashless dispersants and gasoline additives. [1] [2] [3] [4] [5] Comparing with the low reactivity of tri-and tetra-substituted olen ends in conventional PIBs, the exo-olen end group in HRPIBs is highly reactive for further functionalization. [6] [7] [8] [9] For instance, the HRPIBs could react with maleic anhydride to give polyisobutenylsuccinic anhydrides and subsequently react with oligoalkylenimines to yield polyisobutenylsuccinimides ashless dispersants directly instead of chlorinationdehydrochlorination that is necessary with conventional PIBs.
10-12
Commercial HRPIBs can be produced by a single-step process via cationic polymerization of isobutylene (IB) in hexane using BF 3 complexes with either alcohols and/or ethers as coinitiators. [13] [14] [15] Considering the high volatility and corrosiveness of BF 3 , many efforts have been reported aimed at replacing BF 3 .
16-18 Vierle adopted Mn(II) complexes as initiators to synthesize HRPIBs. 19 Bochmann synthesized HRPIBs using a zinc-based initiator system. 20 Voit adopted M(II) complexes (M ¼ Mn, Cu, Zn, Mo) as catalysts to synthesize HRPIBs.
21-23
Kostjuk and Wu independently reported HRPIBs synthesized in CH 2 Cl 2 or CH 2 Cl 2 -hexane mixture using a cost-effective initiation system consisting of AlCl 3 with dialkyl ether, such as di-n-butyl ether (Bu 2 O) and diisopropyl ether (iPr 2 O). [24] [25] [26] In following, researchers investigated similar initiating systems, such as FeCl 3 $dialkyl ether, GaCl 3 $dialkyl ether etc. [27] [28] [29] In all the above systems, CH 2 Cl 2 was introduced to prepare the initiation solutions due to the limited solubility of the above Lewis acid complexes in hexanes. More recently, some groups employed the soluble complex of ethylaluminum dichloride (EADC) and bis(2-chloroethyl)ether (CEE) as catalyst, tert-butyl chloride (tBuCl) as initiator, to overcome the limitations in the previous methods.
30 -34 The HRPIBs with high content of exo-olen end groups (>80%), adjustable molecular weight and almost 100% conversion within 20 minutes could be attained in hexanes. However, the products exhibit broad molecular weight distribution (PDI) due to the poor performances of batch reactor in transfer and dynamic control. From this point of view, introducing a micromixing module capable of enhancing transfer and strictly controlling residence time is an attractive solution, 35 which has been exploited in many polymerization processes to optimize the operation conditions and products. [36] [37] [38] [39] In this work, we introduced a micromixing module composed of a T-shaped mixer and delay tube before the tank reactor, and investigated how this affects the polymerization of IB initiated by t-BuCl and catalyzed by EADC$CEE complex in hexanes. The dependences of reaction rate and product properties on mixing conditions, temperature, CEE/EADC ratio and monomer concentration were systematically studied to search the potentials for fast synthesis of HRPIBs with easily adjustable molecular weight under room temperature.
Experimental section

Materials
Hexanes (Sigma-Aldrich, $98.5%) were reuxed over sulfuric acid (H 2 SO 4 ) for 48 h, then washed with 10% potassium hydroxide (KOH) aqueous solution, and nally washed with distilled water until the aqueous layer was neutral. The hexanes were pre-dried by vigorously mixing with anhydrous sodium sulfate (Na 2 SO 4 ) for 30 min and then reuxed over calcium hydride (CaH 2 ) for 48 h. Then the hexanes were distilled onto CaH 2 , reuxed again for 24 h, and freshly distilled. Isobutylene (IB, Matheson Tri Gas) was dried by passing it through in-line gas-purier columns packed with BaO/Drierite and then liqueed into a 1 L cylinder at À30 C. 
Polymerization of IB
The polymerization of IB was carried out in a micromixing system composed of a T-shaped micromixers (M1 for the mixing of t-BuCl + IB + hexanes solution and EADC$CEE complex solution), two precooling coiled tubes (C1 and C2, inner diameter 900 mm), a microtube reactor (R1, inner diameter 900 mm) and a tank reactor (R2) as shown in Fig. 1 . Two syringe pumps were used to deliver t-BuCl + IB + hexanes solution and EADC$CEE complex solution, respectively. IB was transferred as liquid from the bottom of the IB cylinder into the syringe to mix with t-BuCl + hexane and then pumped into the reaction system under a pressure of about 20 psi. The polymerization was conducted in R1 and R2. Aer a certain residence time, methanol was added into R2 to terminate the polymerization. M1 is a tee joint; R1 is the microtube; M1 + R1 is the micromixing module; C1 and C2 are coiled tubes for achieving the pre-set temperature; R2 is a vial as a tank reactor. corresponding to the tetra-substituted olen end group (structure E, proton e) was observed as a broad multiplet at 2.85 ppm. The methylene protons in the PIBCl end group (structure H, proton h) which appear at 1.96 ppm were used to calculate the content of PIBCl in the HRPIB. The methylene, methyl and end methyl protons of the PIB chains (structure A, protons y, z and x, respectively) usually appeared at 1.41, 1.11 and 0.99 ppm, respectively. The number average molecular weight of the HRPIB was calculated from 1 H NMR spectroscopic study (M n,NMR ) by using the following formula:
where 56.11 is the molecular weight of IB, and a1, a2, c1, etc. represent the area corresponding to the respective protons as described in Fig. 2 .
Results and discussion
IB polymerization at 0 C under different mixing conditions
For fast reactions, the mixing of reactants commonly has great inuence on the products' properties. Considering the features of cationic polymerization of IB catalyzed by EADC$CEE complex in hexanes, the mixing conditions would be important.
As for the polymerization, previous work concluded that the polymerization temperature of 0 C and the CEE/EADC ¼ 1.5 are the optimized conditions for the reaction conducted in a batch reactor. 27, 28 Therefore, under these reference conditions we rst investigated the inuence of mixing conditions. The results are shown in Table 1 .
For entries 1-4 in Table 1 , a higher polymerization and narrower PDI were attained with the tee joint of ID ¼ 0.1 mm, which were much better than that attained with tee joint of ID ¼ 0.5 mm (entries 5-8) and batch reactor (entries [13] [14] [15] [16] . The results showed that better mixing could accelerate the polymerization and decrease the PDI of products. Comparing the conversion and PDI in entries 5-8 and 9-12 with different mixing methods of cross-ow mixing and impingement, the cross-ow mixing was more benecial to achieve fast and controlled polymerization. Fig. 3 shows the plots of ln
vs. time. The slopes of these curves reect the active center concentration. The comparison of various slopes indicates that better mixing conditions correspond to higher active center concentration. An explanation is that timely monomer supply with better mixing could promote the utilization of carbenium ions and inhibit the conversion from active carbenium ions to dormant oxonium ions. The difference of various curves is more distinct when the time is long and the monomer conversion is Table 1 The polymerization of IB with EADC/CEE complex in hexanes at 0 C with CEE/EADC ¼ 1.5 at different mixing conditions high. At that stage, the effect of monomer transfer on apparent reaction kinetics is amplied. The plots of PIB concentration vs. time with different mixing conditions are shown in Fig. 4 . The high PIB concentration with better mixing shows that the increasing of active center concentration with enhancing micromixing favors chain transfer. Moreover, better mixing also increases the rate of b-proton elimination and decrease the M n .
Better mixing would result in more uniform reaction environment and products. So all PDIs of HRPIBs in entries 1-12 attained with micromixing enhanced system were around 2.5, much narrower than that in the tank reactor. Overall, high polymerization rate and narrow PDI could be attained by improving the mixing conditions.
IB polymerization at 20 C under different mixing conditions
Conducting the polymerization of IB at room temperature is technically and economically benecial. Therefore, the polymerization at 20 C with different mixing conditions was investigated. The results are listed in Fig. 5 and 6 . Fig. 5 indicates that the active center concentration at 20 C was much higher than that at 0 C, revealing that at high temperature the equilibrium constant of oxonium/carbenium ion equilibrium is higher. The higher active center concentration along with higher b-proton elimination rate at higher temperature resulted in the much lower molecular weights at 20 C.
Besides, temperature has a greater effect on the rate of isomerization relative to that of b-proton elimination, so the content of exo-olen decreases a little with the increase of temperature. f Tank reactor. However, the effects of temperature on polymerization have a totally different scenario in the tank reactor. As seen in Fig. 6 , the slope decreases much when increasing temperature from 0 C to 20 C, revealing an abrupt decrease of active center concentration.
Faust reported that the oxonium ions are unstable at 20 C.
40
Thus, in tank reactor, large part of carbenium ions have decomposed before polymerization, and polymerization is slow due to poor initiation. Correspondingly, an explanation about the high conversion of entries 17-24 is that the carbenium ions have been consumed by the monomer through chain propagation before decomposing. Timely supply of monomers once carbenium ions are generated is fundamental for fast polymerization at 20 C, where the micromixing module could play a key role.
The regulation of IB polymerization in the system with micromixing module
Cationic polymerization processes are usually very sensitive to various reaction conditions, which brings challenges for process control but opportunities for product customization. Herein, we rst investigated the inuence of the CEE/EADC ratio on IB polymerization in the system with micromixing module, where the reaction conditions and course can be strictly controlled and replicated. The results are shown in Fig. 7 . We suppose that the active center concentration changes little with the ratios of CEE/EADC in the range from 1.0 to 1.5, but decreases much at CEE/EADC ¼ 2.0.
Apparently when large excess of CEE is present the oxonium/ carbenium ion equilibrium is shied toward oxonium ions. From Table 3 we also can nd that the M n decreases with the increasing of the ratio of CEE to EADC. The lower M n with higher ratio are mainly due to the higher chain transfer rate corresponding to higher free ether concentration. The chain Table 3 The polymerization of IB in hexanes at 0 C with different ratios of CEE to EADC ; F(t-BuCl + hexanes + IB) ¼ 6 mL min À1 ; ID (tee joint) ¼ 0.5 mm.
b Gravimetric conversion. transfer rates could be seen more clearly in Fig. 8 . Supposing that the active center concentration changes little at CEE/EADC ¼ 1.0-1.5, the obvious change of the PIB concentration with the ratio of CEE to EADC is because the free ether in the initiation system could promote the chain transfer. Meanwhile, the free ether could promote the b-proton elimination and inhibit the isomerization, so the content of exo-olen increased with the increasing of the ratio of CEE to EADC, as shown in Fig. 9 . In general, besides of temperature, the ratio of CEE/EADC is a sensitive parameter to determine the molecular weight and content of exo-olen of HRPIBs. Furthermore, we investigated the inuence of monomer concentration on the polymerization of IB, since both the production capacity and the M n are highly dependent on the monomer concentration. The results are listed in Table 4 .
Comparing the results of entries 5-8, 41-44, the polymerization rate, PDI and content of exo-olen were almost constant while the M n increased with the increasing of monomer concentration. Fig. 10 summarized the plots of ln([M] 0 /[M]) vs. time. From the slopes of these plots, we can nd that the active center concentration is almost independent of the monomer concentration under the same mixing conditions. The monomer concentration is an effective parameter to adjust molecular weight easily without other effects. ; F(t-BuCl + hexanes + IB) ¼ 6 mL min À1 ; ID (tee joint) ¼ 0.5 mm.
b Gravimetric conversion. 
Dynamic mechanism analysis
The mechanism for the polymerization of IB catalyzed by tBuCl/EADC$CEE has been proposed by Faust and coworkers.
27,28
In the mechanism described in Scheme 1, rst t-BuCl is ionized by complex (EADC$CEE). The carbenium ions are in rapid dynamic equilibrium with dormant oxonium ions and the concentration of oxonium ions are much higher than that of carbenium ions. At elevated temperature (>15 C), 34 decomposition yields isobutane and ethylene by hydride transfer. With the better mixing in the micromixing enhanced system, the monomer could be supplied to the vicinity of carbenium ions timely. Part of the carbonium ions would be consumed fast by chain propagation with monomer before converting to oxonium ions. Therefore, better mixing produces more active centers to accelerate the polymerization, which is consistent with the results shown in Table 1 . With poor mixing in the tank reactor, part of the carbenium ions would undergo decomposition thereby decreasing the carbenium ion concentration and decrease the polymerization rate. However, the decomposition is much slower compared to the activation/deactivation involved in the equilibrium. The chain propagation with timely supplied monomer may occur before decomposition with better mixing in the micromixing module to accelerate the polymerization.
Conclusions
HRPIB with lower PDI and increased polymerization rates could be attained in the polymerization of IB initiated by t-BuCl and catalyzed by EADC/CEE complex in hexanes by introducing a micromixing module in the polymerization system. The HRPIBs with 100% conversion could be obtained within 5 min in the micromixing enhanced system at 20 C, in comparison to only 30% conversion aer 10 min in a tank reactor. The molecular weight and exo-olen end groups content of HRPIBs could be adjusted conveniently by the ratio of CEE to EADC and monomer concentration. A dynamic mechanism for these improved results is proposed that the micromixing enhanced monomer supply could promote propagation relative to decomposition. In conclusion, applying a micromixing module in the polymerization system, the HRPIBs synthesis could be optimized and adjusted conveniently.
